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Atlantic  salmon  (Salmo  salar)  is among  the most sensitive  organisms  toward  acidic,  aluminum  expo-
sure.  Main  documented  responses  to this  type  of  stress  are  a combination  of hypoxia  and  loss  of blood
plasma  ions.  Physiological  responses  to stress  in  ﬁsh  are  often  grouped  into  primary,  secondary  and  ter-
tiary  responses,  where  the  above  mentioned  effects  are  secondary  responses,  while  primary  responses
include  endocrine  changes  as  measurable  levels  of catecholamines  and  corticosteroids.  In  this  study  we
have  exposed  young  (14  months)  Atlantic  salmon  to acid/Al  water  (pH  ≈ 5.6,  Ali ≈ 80  g  L−1) for  3 days,
and  obtained  clear  and  consistent  decrease  of  Na+ and  Cl− ions,  and  increases  of  glucose  in blood  plasma,
hematocrit  and  PCO2 in  blood.  We  did  not  measure  plasma  cortisol  (primary  response  compound),  but
analyzed  effects  on  microRNA  level  (miRNA)  in muscle  tissue,  as  this  may  represent  initial  markers  of  pri-
mary  stress  responses.  miRNAs  regulate  diverse  biological  processes,  many  are  evolutionarily  conserved,
and  hundreds  have been  identiﬁed  in  various  animals,  although  only  in  a few  ﬁsh  species.  We  used  a
novel  high-throughput  sequencing  (RNA-Seq)  method  to identify  miRNAs  in  Atlantic  salmon  and  spe-
ciﬁc  miRNAs  as  potential  early  markers  for stress.  A  total  of 18  miRNAs  were  signiﬁcantly  differentially
expressed  (FDR  < 0.1)  in  exposed  compared  to  control  ﬁsh,  four  down-regulated  and  14 up-regulated.  An
unsupervised  hierarchical  clustering  of  signiﬁcant  miRNAs  revealed  two  clusters  representing  exposed
and  non-exposed  individuals.  Utilizing  the  genome  of  the  zebraﬁsh  and  bioinformatic  tools,  we  identiﬁed
224  unique  miRNAs  in  the  Atlantic  salmon  samples  sequenced.
Additional laboratory  studies  focusing  on function,  stress  dose-responses  and  temporal  expression  of
the  identiﬁed  miRNAs  will facilitate  their  use  as initial  markers  for stress  responses.. Introduction
As well documented by Barton (2002), many scientists have
ivided physical, chemical and other perceived stressors on ﬁsh
nto three groups:
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• Primary  responses including a number of hormonal changes, par-
ticularly those in circulating levels of cortisol and catecholamines.
• Secondary endocrine responses (directly or indirectly), as
changes  in blood glucose, lactate and major ions as sodium (Na+)
and  chloride (Cl−), and tissue levels of glycogen and heat shock or
stress proteins (HSPs), all of which relate to physiological adjust-
ments  such as in metabolism, respiration and so on.
• Tertiary responses such as changes in growth, disease resistance
and  behavior may  be direct or indirect consequences of primary
and  secondary responses.
The main effects of acidiﬁcation of freshwaters caused by acid
Open access under CC BY license.rain are the decline in pH and the subsequent increased mobiliza-
tion of toxic inorganic aluminum forms (e.g. Cronan and Schoﬁeld,
1979; Driscoll et al., 1980). Atlantic salmon (Salmo salar) is among
the most sensitive animals to freshwater acidiﬁcation (Grande et al.,
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Fig. 1. The experimental setup with “water in” as dechlorinated tap water.
Table 1
Water chemistry in tap water used in the experiments. AlR is total reactive aluminum
according to Dougan and Wilson (1974) and Rogeberg and Henriksen (1985).
Parameter Unit Concentration
pH −log[H+] 7.87
Conductivity mS m−1 14.9
Ca2+ mg L−1 26.6
Mg2+ mg L−1 0.46
Na+ mg L−1 1.92
K+ mg L−1 0.28
SO42− mg L−1 2.18
Cl− mg L−1 10.6
NO3− N g L−1 183
Alkalinity mmol L−1 1.11
Total nitrogen g L−1 308E.H. Kure et al. / Aquatic Toxic
978; Howells et al., 1994; Lydersen et al., 2002; Poleo et al., 1997).
ccordingly, acid rain has eradicated the Atlantic salmon from 25
orwegian rivers (Hesthagen and Hansen, 1991). Since the intro-
uction of the monogenean parasite Gyrodactylus salaris about 40
ears ago, eradication or drastic decline has occurred in another 45
orwegian rivers (Johnsen and Jensen, 1991). Low levels of inor-
anic Al have been shown to eliminate the parasite with minor
ffects on the host, the Atlantic salmon (Poleo et al., 2004; Soleng
t al., 1999). Thus, depending on concentrations and time of expo-
ure, the nonbiological essential element aluminum, might be both
riend and foe to the Atlantic salmon.
In the reported study we have exposed young Atlantic salmon to
cidic water with inorganic aluminum, in order to reveal responses
n miRNA regulation, potentially related to known secondary stress
esponses, i.e. loss of plasma ions and hypoxia (Cameron, 1976;
cdonald et al., 1983; Neville, 1985; Neville and Campbell, 1988).
The  genomes of higher eukaryotes contain hundreds of miRNA
enes whose transcripts via shorter hairpin structures (Lee et al.,
003) are processed into mature miRNAs which are involved in
ost-transcriptional gene regulation in eukaryotic cells mediated
ither by degradation or translation arrest of the target mRNA
Mello and Conte, 2004). They are involved in a range of biological
rocesses, mostly controlling cell fate, such as developmental tim-
ng, cell death, cell proliferation, tumorigenesis, immune response,
ifferentiation, and patterning of the nervous system (Ambros,
004; Tijsterman and Plasterk, 2004), and are often phylogeneti-
ally conserved among animals and plants (Ha et al., 2008; Niwa
nd Slack, 2007; Wienholds and Plasterk, 2005). Rapidly growing
vidence suggests that miRNA regulation of gene expression may
e affected by environmental stressors. Some miRNAs have been
nduced for example by the hypoxic environment within tumors
r by other environmental stress factors (Kulshreshtha et al., 2007;
iu et al., 2008; Lu et al., 2008).
miRNAs in ﬁsh have only recently been discovered and
escribed, and few studies exist (Andreassen et al., 2009b; Chi et al.,
011; Fu et al., 2011; Johnston et al., 2009; Xia et al., 2011), among
hese are studies of miRNA in Atlantic salmon (Andreassen et al.,
009a). Some studies have also been published on animal stress
esponses (Hou et al., 2011; Lema and Cunningham, 2010; Paul
t al., 2011; Yokoi and Nakajima, 2011). The published data of miR-
As affected by environmental and endogenous exposure indicate
hat miRNAs may  have an important role as stress regulators.
Powerful high throughput sequencing technologies (RNA-Seq)
ender possible for example, re-sequencing in cancer (Thomas et al.,
006, 2007), full genome sequencing (Green et al., 2006; Wheeler
t al., 2008) and miRNA discovery (Berezikov et al., 2006), as well as
xpression proﬁling by digital transcript counting (Pan et al., 2008;
ultan et al., 2008). This technique allows resolution at the single
ucleotide level. In a recent review of environmental chemicals and
iRNAs, Hou et al. (2011) pointed to limitations of current analyt-
cal technologies for miRNA expression analysis as labor-intensive
nd high cost for large scale studies. Still, applying these methods
n a subset of samples may  enable us to identify chemical-speciﬁc
iRNAs with a potential as biomarkers for exposure-related dis-
ases.
With RNA-Seq technology and young Atlantic salmon stressed
y the chemical Al (in acidic water) as a model, we  hypothesized
hat miRNAs in muscle tissue may  have the potential as markers of
oxicological stress.
.  Methods.1. Atlantic salmon husbandry
20  individuals of about 14 months old Atlantic salmon (age:
+) of ﬁrst generation hatchery ﬁsh from wild caught adultsTotal organic carbon mg L−1 1.75
AlR g L−1 34.5
from the River Lærdalselva, Western Norway, were placed in two
separate indoor tanks (10 individuals in each) for 2 weeks prior to
the exposure (Fig. 1).
2.2.  Chemical and miRNA analyses
After being acclimatized for 2 weeks in original hatchery water
(Table 1), one group of Atlantic salmon was  exposed to acidic Al-
rich water by addition of 100 g Al L−1, while the remaining control
group was still exposed to original hatchery water. The Al-solution
added was a mixture of Al2(SO4)3 and H2SO4. Accordingly the water
pH also decreased, i.e. from 7.87 in the control water (Table 1) to
an average pH of 5.60 in the Al-enriched tank (Table 2). At this pH
(5.60), a combination of loss of blood electrolytes (due to low pH)
and hypoxia (due to precipitation of inorganic, cationic Al on ﬁsh
gills) should be expected effects on the exposed ﬁsh (Neville, 1985).
All ﬁsh were exposed at constant temperature and light regime for
3 days before sampling. As RNA-Seq is expensive, only ﬁve ran-
domly picked individuals from each group were investigated. Blood
(0.15–0.30 mL)  was  collected in heparinized 1 mL syringes from
the caudal vein and analyzed on site by an I-stat blood/gas ana-
lyzer (Abbott, Chicago, USA) to document biochemical responses
(Table 3). Remaining blood were transferred to Eppendorf tubes,
where blood plasma was separated from remaining blood by cen-
trifugation (3000 rpm for 5 min), before freezing and stored at
−80 ◦C. Fish tissue (0.5 cm × 0.5 cm × 1.0 cm), taken from the left
mid dorsal muscle of the same ﬁsh, were snap frozen in liquid
nitrogen and stored at −80 ◦C and used for miRNA analyses. Fish
lengths (15.74 ± 0.66 cm)  and weights (33.7 ± 4.58 g) of the 1+ juve-
niles (Table 3) were similar across groups (Mann–Whitney U-test
(MWU), P > 0.55; non-parametric test due to limited sample size).
Total RNAs were sampled from muscle tissue (approximately
500 mg)  using the mirVanaTM miRNA Isolation Kit (Ambion, Austin,
TX, USA) according to the manufacturer’s protocol with some minor
modiﬁcations. Frozen tissue was  added to 200 L lysis buffer and
homogenized using scissors. Then 800 L lysis buffer was added
and the sample further homogenized with a sterile Pasteur pipette.
The total RNA was  eluted in 50 L RNase-free water to avoid
later concentration by vacuum centrifugation. The samples were
treated with DNase using DNA-freeTM (Ambion, Austin, TX, USA)
100 E.H. Kure et al. / Aquatic Toxicology 138– 139 (2013) 98– 104
Table  2
Essential physical and chemical water conditions during the 3 days exposure experiment.
Group Date Time AlR (g L−1) pH Conductivity (mS m−1) Temperature (◦C)
Al-100 10.03.2009 14:30 128 5.70 16.6 5.2
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Control  10.03.2009 14:30 32 
Control  11.03.2009 08:00 30 
ccording to the manufacturer’s protocol. All samples were isolated
nd treated with DNase in one batch. The quality of the total RNA
as tested on a Bioanalyzer 2100, also conﬁrming the presence of
mall RNA. The quality of the total RNA proved to be excellent and
table in the group, ranging from RIN 9.6 to 9.9.
Start amount was 10 g total RNA. Small RNA was  isolated from
otal RNA on a 15% Novex TBE-Urea PAGE gel. The area 18–30 nt
as cut out and fragmented, RNA was eluted in 0.3 M NaCl and puri-
ed on a Spin X column. The 5′-adapter was ligated for 6 h at 20 ◦C.
mall RNA with ligated 5′-adapter was isolated on a 15% Novex
BE-Urea PAGE gel. The area 40–60 nt was cut out and fragmented,
NA was eluted in 0.3 M NaCl and puriﬁed on a Spin X column. The
′-adapter was ligated for 6 h at 20 ◦C. Small RNA with ligated 5′-
nd 3′-adapters was isolated on a 10% Novex TBE-Urea PAGE gel,
he 70–90 nt band was cut out and fragmented, RNA was eluted in
.3 M NaCl and cleaned on a Spin X column. GlycoBlue and ethanol
as added followed by precipitation for 30 min  at −80 ◦C and cen-
rifugation at 14,000 rpm for 25 min. The RNA pellet was dissolved
n 4.5 L RNase free water.
After reverse transcription and ampliﬁcation, the cDNA was sep-
rated on a 6% Novex TBE PAGE gel. The ampliﬁed cDNA band was
ut out and fragmented; RNA was eluted in Gel Elution Buffer and
uriﬁed on a Spin X column. Then glycogen and ethanol was added
or precipitation followed by centrifugation at 14,000 rpm and 4 ◦C
or 20 min. The cDNA pellet was dissolved in 10 L resuspension
uffer.
RNA-Seq of the cDNA was done in a 36 bp single read run on an
llumina Genome Analyzer IIx (Illumina, CA, USA). Image analysis
nd base calling was performed with the Illumina GA pipeline soft-
are version 1.5.1. Sequences with a chastity less than 0.6 on two
r more bases among the ﬁrst 25 bases were ﬁltered out (this is the
efault setting for the software).
Data from the RNA-Seq was obtained in FASTQ format, one
ata ﬁle per sequencing lane (n = 10). The sequencing adaptors
ere subsequently clipped and removed using the FASTX-Toolkit
http://www.hannonlab.cshl.edu/fastx toolkit/), allowing no mis-
atches for adaptor identiﬁcation. The remaining sequencing
able 3
orphometric data and biochemical response in Atlantic salmon exposed (1–5) to acidic 
he  I-stat blood/gas analyzer, cartridge EC8+ (Abbott, Chicago, USA instrument, http://ww
Fish no. Length (cm) Weight (g) Na+ (mmol  L−1) K+ (mmol  L−1) 
1 16.3 40.7 113 2.4 
2  16.6 40.2 114 4.7 
3  15.0 32.2 104 5.1 
4  15.2 30.7  117 3.3 
5  15.5 31.4 112 5.4 
6  15.2 30.1 143 4.2 
7  16.4 38.2 146 3.5 
8  15.1 32.3 144 4.1 
9  15.5 27.0 142 5.2 
10  16.6 34.5 141 2.3 
Exposed
Average  15.7 35.0 112 4.2 
Std  0.70 5.0 5.0 1.3 
Control
Average  15.8 32.4 143 3.9 
Std  0.70 4.3 1.9 1.1 5.52 17.0 5.0
7.77 14.4 5.1
7.78 14.8 4.9
data were further collapsed and counted into groups of identical
sequences. Sequencing data were processed using the miRanalyzer
tool version 0.2 (Hackenberg et al., 2009), which allows for the iden-
tiﬁcation of validated miRNAs from the miRBase (release 16) data
repository (Grifﬁths-Jones et al., 2008). It also evaluates sequence
alignment to other entities through the databases RefSeq and Rfam.
Currently, there is no reference genome for Atlantic salmon. As
miRNAs are often conserved among animals and plants (Ha et al.,
2008; Niwa and Slack, 2007; Wienholds and Plasterk, 2005) and
published data on miRNAs from ﬁsh were available only from the
four species Danio rerio, Fugu rubripes, Orzyias latipis, and Tetraodon
nigrioviridis (http://www.mirbase.org), we annotated to zebraﬁsh
Danio  rerio as the least distant species from Salmonids (Davidson
et al., 2010) as was done in a previous study on Atlantic cod (Gadus
morhua; Johansen et al., 2011). miRBase was  used since it is a reli-
able source for miRNA alignment between conserved species (Li
et al., 2010). Sequence data were hence aligned to the Danio rerio
danrer6 genome reference allowing for two  base mismatches in the
identiﬁcation of known miRNAs.
2.3. Statistical analyses
Differential  expression (DE) of identiﬁed miRNAs from miR-
Base was calculated with R version 2.13.0 using DESeq version
1.4.1 (Anders and Huber, 2010) available in Bioconductor version
2.8. This tool utilizes a negative binomial distribution for model-
ing biological variance. Sequencing data (miR-tags and collapsed
counts) from exposed and control individuals were adjusted using
correction factors for each sample library to eliminate technical
variability. Differential expression (fold change) of known miRNAs
was analyzed between the group of exposed (n = 5) and controls
(n = 5) using DESeq. P values adjusted for multiple testing using the
Benjamini and Hochberg method (Benjamini and Hochberg, 1995)
were calculated for each fold change. Only miRNAs with a fold
change with adjusted P value with false discovery rate (FDR) < 0.1
was considered signiﬁcant. Variance stabilized data were further
obtained using the vsd function in DESeq. A heat map  of the variance
aluminum water (pH ≈ 5.6; Ali ≈ 80 g Al L−1) and control ﬁsh (6–10), measured by
w.abbottpointofcare.com/).
Cl− (mmol  L−1) Glucose (mmol L−1) Hematocrit (%) PCO2 (mmHg)
97 18.6 57 49.6
101 20.0 48 45.1
92 13.0 54 42.1
105 19.2 48 31.1
101 13.5 45 30.5
133 3.9 29 14.8
134 3.4 33 13.8
134 4.3 34 14.1
132 3.4 37 15.3
131 4.0 34 15.2
99 16.8 50.4 39.7
4.9 3.3 4.9 8.5
133 3.8 33.4 14.6
1.3 0.4 2.9 0.7
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tabilized data was plotted using the heatmap function in R of the
igniﬁcantly dysregulated miRNAs.
. Results
.1. Toxicity and chemical analyses
For the Atlantic salmon (age: 1+; length: 15.7 ± 0.6 cm)  exposed
o acid/Al water (pH: 5.52–5.70; total Al: 123–128 g Al L−1) for
 days, there was a clear and consistent decrease of Na+ and Cl−
nd increase of glucose in blood plasma (MWU,  P < 0.0080), and
 corresponding consistent increase of hematocrit (Hct) and PCO2
n blood (Table 3; MWUs, P ≤ 0.0079). The Cl− and glucose levels
ere relatively similar to the levels reported after 6 days in Atlantic
almon parr (length: 10.3–14.0 cm)  exposed to an acid/Al-impacted
rook (pH: 5.59–5.85; total Al: 164–207 g Al L−1), in Vermont,
anada (Monette and McCormick, 2008). In their study the poten-
ial toxic form of Al, Ali, varied between 42 and 66 g Al L−1. We
ave not measured the Ali fraction in our study, but by using the
lchemi speciation program (Schecher and Dricoll, 1987, 1988),
he Ali fraction was calculated to be between 77 and 79 g Al L−1
ssuming equilibrium with an amorphous Al(OH)3 phase and a 3
rotic organic acid.
able 4
he  18 signiﬁcantly dysregulated miRNAs in muscle tissue (FDR < 0.1) with average norm
FDR).
Dre-miR Controls normalized mean Exposed n
dre-miR-122 1285 136 
dre-miR-204 59 418 
dre-miR-365 306 1878 
dre-miR-728 25 155 
dre-miR-499 83,791 288,478 
dre-miR-23a 1826 6353 
dre-miR-338 676 2405 
dre-miR-192 435 1518 
dre-miR-733 6 39 
dre-miR-217 76 15 
dre-miR-202* 5 32 
dre-miR-363 0 7 
dre-miR-135a 0 4 
dre-miR-145 197 569 
dre-miR-15a 546 1357 
dre-miR-133b* 1066 374 
dre-miR-216b 11 2 
dre-let-7h  16,184 41,981 ature miRNAs. The graph plot shows the sample-wise number of mature miRNAs
 ﬁsh (1–5) tagged red and control ﬁsh (6–10) tagged gray.
3.2. miRNA analyses
Isolated  total RNA from muscle tissue from the ﬁve exposed
(100 g L−1 Al-level) and ﬁve control ﬁsh were successfully
sequenced (Illumina Genome Analyzer II, Illumina, CA, USA) and
processed using miRanalyzer. The average absolute reads for the
samples was 21.3 million with a standard deviation of 2.5 million.
When aligned to the D. rerio reference genome (danrer6) of miR-
base, 224 unique mature miRNAs were identiﬁed. This amounts
to a large fraction of the total 247 miRNA reported in miRBase
for danrer6. On average, each sample expressed 196 known miR-
NAs. In total 89% of the reads were mapped to known miRNAs
(Fig. 2).
A  total of 18 miRNAs were signiﬁcantly differentially regu-
lated (FDR < 0.1) between the exposed (ﬁsh 1–5) and control group
(ﬁsh 6–10); four down-regulated and 14 up-regulated (Table 4).
An unsupervised hierarchical clustering of signiﬁcant miRNAs
revealed two clusters representing exposed and un-exposed indi-
viduals (Fig. 3). Only ﬁsh individual number 6 in the control
group (Table 3), clustered differently (Fig. 3). The reason for this
clustering is unknown. The morphometric data and biochemical
response of this ﬁsh is comparable to the other ﬁsh in the control
group.
alized counts for control and exposed groups, fold change, and adjusted P-value
ormalized mean log2 fold change FDR
−3.2 0.00000001
2.8 0.0000003
2.6 0.000003
2.6 0.0001
1.8 0.0002
1.8 0.0009
1.8 0.001
1.8 0.003
2.6 0.003
−2.3 0.005
2.5 0.006
5.5 0.007
– 0.01
1.5 0.02
1.3 0.02
−1.5 0.06
−2.6 0.06
1.4 0.095
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Fig. 3. Heat map  and unsupervised clustering of the signiﬁcantly dysregulated miRNAs (rows) in muscle tissue presented in Table 4. The colors describe increasing expression
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. Discussion
The main physiological effects on ﬁsh exposed to acidic alu-
inum (Al) rich water are disturbance of (a) respiratory gas transfer
nd (b) ionic regulation (Neville, 1985; Neville and Campbell, 1988).
t pH above 6.0 and with Al present in inorganic forms, the main
ause of ﬁsh death is hypoxia (Neville, 1985), mostly caused by the
igh concentration of polymerized Al on gill surfaces. No signiﬁcant
on loss is observed (Cameron, 1976; Mcdonald, 1983; Mcdonald
t al., 1983). At pH between 4.0 and 4.5, electrolyte loss seems to
e the main cause of death (Mcdonald, 1983; Mcdonald et al., 1983;
eville, 1985), due to the high H+ concentration. At intermediate pH
alues, between 4.5 and 6.0, a combination of the two mechanisms
ccur (Neville, 1985). Thus, in our study, a combination of loss of
lectrolytes and hypoxia was expected. The drop in plasma Cl− in
ur exposed parr, from an initial level of 133 ± 1.3 mmol L−1 down
o 99 ± 4.9 mmol  L−1 after 3 days of exposure, was near the lethal
hreshold level (<95–100 mmol  L−1) reported for Atlantic salmon
molts by Staurnes et al. (1993), but did not approach the lethal
hreshold values of <60 mmol  L−1 reported for Atlantic salmon parr
eported by Lacroix and Townsend (1987). Accordingly, we  should
xpect recovery from the acid/Al challenge, if the ﬁsh had been
ransferred back to the original hatchery water.
The decrease in plasma ions, increase in glucose, hematocrit
Hct) and PCO2 in blood from ﬁsh exposed to acidic Al-solution,
learly document secondary physiological stress responses as
eﬁned by Barton (2002). The primary stress responses include
elease of catecholamines and corticosteroid hormone from chro-
afﬁn cells (Reid et al., 1998) and the hypothalamic–pituitary–
nterrenal  (HPI) axis (Bonga, 1997; Mommsen et al., 1999), respec-
ively. Release of these compounds includes rapid mobilization ofcterized in Table 3 where exposed ﬁsh (1–5) is tagged red and control ﬁsh (6–10) is
energy stores for damage repair and or/acclimation processes and
increased respiration capacity, documented by the increase of glu-
cose in ﬁsh blood. The acid/Al exposure responses are important for
survival; negative consequences might be reduced energy sources
for other energetic demanding life processes as feeding, predator
avoidance as well as long-term effects on growth and immunity.
Our  study also reveals different miRNA regulation in mus-
cle tissue between the exposed and control ﬁsh groups for 18
of the 224 miRNAs identiﬁed, indicating that miRNA has the
potential as a high-resolution molecular tool for studying initial
primary stress responses. Environment-related miRNA changes
in healthy subjects are often small (Hou et al., 2011). The dif-
ferences and up-regulation in the exposed group may reﬂect
physiological response, triggering basal metabolic pathways, e.g.
energy-demanding detoxiﬁcation mechanisms, regulated by phy-
logenetically conserved miRNAs.
miRNAs may regulate responses that tend to be phylogeneti-
cally conserved across species (Ha et al., 2008; Niwa and Slack,
2007; Wienholds and Plasterk, 2005). It likely reﬂects a number
of different physiological regulatory pathways (Ambros, 2004; Hou
et al., 2011; Takacs and Giraldez, 2010; Zhang et al., 2007). However,
few animal miRNAs have been assigned functions (Gaidatzis et al.,
2007; Nilsen, 2007; Niwa and Slack, 2007; Takacs and Giraldez,
2010), but recent studies indicate they tend to respond to toxins
in animals (Hou et al., 2011; Hudder and Novak, 2008; Lema and
Cunningham, 2010; Paul et al., 2011; Yokoi and Nakajima, 2011),
viruses and drought in plants (Amin et al., 2011; Jung et al., 2009;
Kantar et al., 2011; Li et al., 2011; Wang et al., 2011) and cancers
in humans (Farazi et al., 2011; Melo and Esteller, 2011). Our study
presents, to our knowledge, the ﬁrst large scale miRNA library in
a salmonid. To identify any species-speciﬁc miRNAs in our data, it
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ill be necessary to align our RNA-Seq data to the genome reference
hen this becomes available for Atlantic salmon.
Of the signiﬁcantly differentially expressed miRNAs, 4 were
own-regulated and 14 were up-regulated in the exposed group
hich may  suggest an alteration of numerous physiological
esponses. Although, there is little knowledge of miRNA function
n Atlantic salmon, there are indications that some of our most
ifferentially regulated miRNAs may  play a role in various pro-
esses in other ﬁsh species. dre-miR-23a, which was signiﬁcantly
p-regulated in the exposed group, has been associated with up-
egulation with age in zebraﬁsh. This miRNA is a member of the
egulatory network of the oncogenic MYC  and the tumor suppressor
P53 in ﬁsh (Baumgart et al., 2012). miR-23a has also been reported
y Zhang et al. (2007, 2011) to be up-regulated in ﬁsh after expo-
ure to perﬂuorooctane sulfonate (PFOS), a known environmentally
ersistent ﬂame retardant. dre-miR-145, also signiﬁcantly up-
egulated in the exposed group, is essential for differentiation
f vascular and visceral smooth muscle cells in zebraﬁsh (Zeng
nd Childs, 2012). dre-miR-145 acts via a paracrine mechanism in
ebraﬁsh and this may  also be the case in our study, implicating
hat this miR  may  affect other cells than muscle cells in Atlantic
almon.
In our study, dre-miR-202* was signiﬁcantly up-regulated in
he exposed group. Interestingly, LO100039095 which comprises
 precursor of miR-202, was signiﬁcantly up-regulated in pigs in
esponse to psychosocial stress (Murani et al., 2011). This may  indi-
ate that miR-202 is responsible for gene regulation in response to
hanges in the external environment.
We conclude that there was indeed a signiﬁcant change in
uscle tissue miRNA expression of Atlantic salmon after 3 days
xposure to toxicological stress (i.e. 76–78 g L−1 of toxic Al (Ali)
nder weakly acidic conditions pH ≈ 5.6). The short listed miRNAs
dentiﬁed in our RNA-Seq analysis are promising and some may
ave potential as early molecular markers for monitoring stress
esponses in environmentally exposed animals. In order to get more
nformation on regulatory pathways speciﬁc to Atlantic salmon, our
NA-Seq data need to be aligned to the genome reference when this
ecomes available.
At  present, it is impossible to assess potential advantages of
iRNA compared to other omics data when looking at molecular
esponses to toxicological stressors. Factors as increased sensitiv-
ty and speciﬁcity to deﬁned stressors (as physical and chemical
ompounds) will likely be decisive for the destiny of new methods
ithin this area. Accordingly, this may  improve the data quality
elated to known international concentrations terms, as NOEC (non
ffect concentration) LOEC (lowest observed effect concentration)
nd PNEC (potential non effect concentration).
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